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The function of Fyn kinase during zebrafish development through the blastula stage was investigated through the use of dominant-
negative constructs designed to suppress the function of zebrafish c-Fyn. Microinjection of SH2 domain-containing fusion protein or mRNA
encoding the mutated, catalytically inactive Fyn at 45 min post-insemination had no significant effect during cleavage and did not inhibit
formation of the yolk syncitial layer. Smoothing of the enveloping cell layer at the midblastula transition occurred normally and expression of
bon/mixer and mezzo, zygotic transcription factors indicated that activation of the zygotic genome did occur. Signaling pathways involved
with axis determination such as h-catenin, activin, and nodal appeared to function normally as evidenced by expression of boz, goosecoid,
and mezzo. However, while formation of the yolk syncitial layer was normal, the marginal blastomeres failed to migrate toward the vegetal
pole and epiboly did not occur, a phenotype similar but distinct from that resulting from suppression of c-Yes kinase. The block to
development was prevented by co-injection of c-Fyn mRNA with the dominant-negative construct indicating that it was a specific effect.
Injection of the dominant-negative mRNA into individual blastomeres indicated that the effect was exerted on the intrinsic ability of the
individual blastomeres to respond to signals directing epiboly and not on the signals themselves. Analysis of the pattern of calcium signaling
in experimental and control embryos demonstrated that the elevated [Ca2+]i characteristic of the marginal blastomeres was suppressed.
Together, these observations indicate that Fyn kinase plays an important role in epiboly, possibly through its effects in calcium signaling.
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Development of the early embryo involves a series of
changes in cell number, organization, and behavior that
are controlled by a combination of cell autonomous and0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.07.018
Abbreviations: BSA, bovine serum albumin; CHAPS, 3[(3-chlorami-
dopropyl)dimethylammonio]-1-propanesulfonate; CSK, src specific kinase;
DAPI, 4V6-diamidino-2phenylindole dihydrochloride; DEPC, diethyl pyro-
carbonate; DIC, differential interference contrast; EDTA, ethylenediamine-
tetraacetic acid; EVL, enveloping cell layer; FGF, fibroblast growth factor;
HEPES, [2-hydroxyethyl]piperazine-NV-[2-ethane-sulfonic acid]; IP3, Ins
1,4,5 P3; PAGE, polyacrylamide gel electrophoresis; PTK, protein tyrosine
kinase; SDS, sodium dodecyl sulfate; SH2 and SH3, Src homology domain
2 and 3, respectively; PDGF, platelet-derived growth factor; PBT, (PBS +
0.1% Tween 20); YSL, yolk syncitial layer.
* Corresponding author. Fax: +1 913 588 2710.
E-mail address: wkinsey@kumc.edu (W.H. Kinsey).intercellular signaling events. Many of the known intercel-
lular signaling pathways active in the blastula stage embryo
involve cell surface receptors that activate intracellular
signaling cascades involving either G-protein or protein
kinase pathways (reviewed in Diaz et al., 2005) For example,
factors involved in dorsoventral patterning include the Wnt,
BMP, and FGF signaling pathways. The Wnt/h-catenin
pathway involves activation of G-protein regulated signaling
leading ultimately to changes in gene expression and cell
fate. (Pelegri, 2003). Members of the TGFh/activin family as
well as FGF-2 function in mesoderm specification (Kimel-
man and Griffin, 2000). The TGFh family (BMPs) which
specify ventral fates stimulate Ser/Thr phosphorylation of
SMADs (De Robertis and Kuroda, 2004). FGF, which
suppresses BMP expression to promote dorsal fates (Dom-
ingos et al., 2001; Furthauer et al., 2004), acts through
protein tyrosine kinase-mediated pathways within the cell85 (2005) 462 – 476
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is important in cell–matrix interactions during development,
typically involves Focal Adhesion Kinase signaling (Craw-
ford et al., 2003). Many of the above receptors have the
potential to involve Src-family protein tyrosine kinases
(PTKs) at some point during downstream signaling either
through direct interaction with a receptor, through other
cytoplasmic kinases or docking proteins, or through G-
proteins.
Src-family protein tyrosine kinases (PTKs) including Src,
Yes, and Fyn are expressed in eggs and early embryos from
most species examined (Schartl and Barnekow, 1984; Steele
et al., 1989a,b, 1990). Analysis of the specific pathways
through which different Src-family kinases might act during
development has been complicated by the structural
similarity of these kinases which exhibit various degrees
of overlapping function at the biochemical level. Never-
theless, studies in a wide variety of model systems have
demonstrated that individual Src-family PTKs preferentially
function in different signaling pathways depending on the
context to which a cell type is responding. For example, Fyn
and Src kinases have been shown to function in calcium
signaling through phosphorylation of PLCg and PI 1–3
kinase. Fyn and Src also function in cell cycle regulation
and in cytoskeletal organization (Courtneidge, 2002; Runft
et al., 2002). Therefore, an accurate understanding of the
role that Src-family PTKs plays in different stages of
embryonic development requires functional analysis at each
developmental stage with attention to the downstream
pathways involved at that particular stage and cell pop-
ulation. Significant progress has been made in the Xenopus
embryo where functional studies have demonstrated a role
for Src-family PTKs (Src and Yes) in gastrulation move-
ments required for blastopore closure and cell intercalation
(Denoyelle et al., 2001). Yes kinase has also been shown to
function in epiboly in zebrafish embryos, where knockdown
of Yes expression leads to disorganized or failed migration
of the blastoderm cells (Tsai et al., 2005). Other Src-family
PTKs (Laloo and Fyn) have been shown to function in
mesoderm formation, acting downstream of the FGF
receptor (Weinstein and Hemmati-Brivanlou, 2001; Kusa-
kabe et al., 2001; Hama et al., 2002).
The objective of the present study was to characterize the
role of Fyn kinase in early development of the zebrafish
embryo. Previous work has demonstrated that Fyn is
activated at fertilization and plays a role in calcium signaling
in the zebrafish zygote (Wu and Kinsey, 2000; Kinsey et al.,
2003). Immunofluorsence localization demonstrated that
Fyn is expressed in all cells of the zebrafish blastodisc but
not in the underlying YSL (Rongish and Kinsey, 2000) so it
was of interest to establish whether Fyn plays an important
role in development of the blastula stage embryo. The
approach was to disrupt the function of Fyn in vivo through
the use of a full-length dominant-negative mutant Fyn or
with an SH2 domain-containing fusion protein designed to
suppress Fyn function, then characterize the effect ondevelopment. The resulting phenotype was similar but
distinct from that caused by knockdown of Yes kinase (Tsai
et al., 2005). The results demonstrate that Fyn activity is
required for the initiation of epiboly, involving migration of
both the yolk syncitial layer (YSL) nuclei and the overlying
marginal blastomeres. Calcium imaging studies indicated
that Fyn kinase exerts its effect, at least in part, through
calcium signaling within the leading edge blastomeres.Materials and methods
Buffers
Injection buffer consisted of KCl, 0.15 M; NaCl, 3 mM;
KH2PO4, 10 mM (pH 7.2); glutathione, 1 mM; and sucrose
80 mM. Sterile mRNA injection buffer KCl, 0.015 M; NaCl,
0.003 M; KH2PO4, 0.01 M pH 7.2 prepared with DEPC
treated water, then autoclaved. Hank’s BSA: NaCl, 137
mM; KCl, 5.4 mM; Na2HPO4, 0.25 mM; CaCl2, 1.37 mM;
MgSO4, 1.0 mM; NaHCO3, 4.2 mM, pH 7.2; BSA (Sigma,
St. Louis, MO) 5 mg/ml. Calcium clamping injection buffer
was based on that described earlier (Creton et al., 1998) and
consisted of Tris, 10 mM; BAPTA, 20 mM and CaCl2, 12
mM; Alexa-488-dextran (Molecular Probes, Eugene, OR)
20 AM, pH 7.2. Immunoprecipitation buffer (NaCl, 150
mM; Tris, 10 mM; EDTA, 1 mM; EDTA, 1 mM; Na3VO4,
100 AM; Aprotinin (Sigma-Aldrich, St. Louis, MO) 100 Ag/
ml; NaN3, 100 Ag/ml; 2-mercaptoethanol, 1 mM; and NP40
1% vol/vol pH 7.2. Kinase Assay Buffer: 12.5 mM HEPES
pH 7.5, 10 mM MgCl2, 2.5 mM 2-mercaptoethanol, 0.1 mM
sodium orthovanadate.
Cloning and site-directed mutagenesis
A cDNA encoding the full-length coding region of c-Fyn
was cloned by hybridization screening from a cDNA library
prepared from 24-h zebrafish embryos (Stratagene, La Jolla,
CA) using the zebrafish c-Fyn U-SH3 sequence (Rongish
and Kinsey, 2000) as a probe. The zebrafish sequence, in
pBluescript II SK, was modified by site-directed muta-
genesis using the Quickchange kit (Stratagene, La Jolla,
CA) and the primer 5VCTAAAGTGGCAGTGATGACCTT-
GAAACCAG3V. mRNA encoding zebrafish c-Fyn or
FynK299M was transcribed using the mMessage mMachine
kit (Ambion, Austin, TX) which incorporates a 5V7-methyl
guanosine cap. Plasmids containing the sequence of interest
were linearized with XhoI, transcribed using T3 polymerase
and the mRNA was purified using NucAway spin columns
(Ambion, Austin, TX) followed by ethanol precipitation.
Embryos
Eggs were collected from mature Danio rerio and
maintained in Hanks’ buffer BSA at 28-C, while sperm
were maintained on ice in sperm extender solution (Lee et al.,
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(5 Al containing 6.25 Ag protein) with the eggs, then
activating the sperm by addition of 2.5 ml of aquarium water.
Immunoprecipitation and measurement of kinase activity
Combined membrane fractions prepared from groups of
30 embryos as described earlier (Wu and Kinsey, 2000)
were solubilized in immunoprecipitation buffer and incu-
bated with the anti-Fyn3 antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) at 0.1 Ag/ml or with control rabbit IgG
at the same concentration. Immune complexes were bound
to Protein A-Sepharose, washed in immunoprecipitation
buffer, then with kinase assay buffer, and incubated with
2.5 ACi of [g32P]ATP (3000 mCi/Amol) for 1 min at 25-C.
Autophosphorylation was detected by autoradiography
following SDS-PAGE and the intensity of the 60 kDa band
containing Fyn kinase was quantitated by digital scanning
and pixel intensity measurement using metamorph 6.1
(Universal Imaging Corp., Downingtown, PA). Half of each
sample was analyzed by Western blot and probed for the
presence of Fyn protein using the anti-Fyn3 antibody at
1:1000, then bound antibody was detected with goat anti-
rabbit IgG-alkaline phosphatase and chemiluminescence.
Band intensity was quantitated as above.
Microinjection and calcium imaging
An egg injection chamber was constructed as described
(Lee et al., 1999) and groups of six fertilized eggs were
transferred to chambers maintained in embryo medium
(Westerfield, 1995). Eggs were injected using glass micro-
pipettes beveled at 30- with a tip diameter of 2.5 Am. The
pipettes were back loaded with 1–2 Al of test solution and
10 Al of mineral oil. Injections were performed with a
Picospritzer pressure injector (General Valve Co., Brook-
shire, TX) and injection volumes were calculated after egg
injection by injecting representative amounts of each test
solution into mineral oil, then measuring the diameter of the
droplet. mRNA and/or calcium green-dextran (10 kDa)
(Molecular Probes, Eugene, OR) suspended in sterile
mRNA injection buffer at 900–1500 Ag/ml was injected
into the center of the yolk mass of zygotes (0.2–0.3 nl
injection volume) or into single blastomeres (25–30 pl
injection volume. In order to detect developmental changes
in [Ca2+]i, eggs were injected with calcium green-dextran to
achieve intracellular concentrations of 0.1–0.2 AM. The
eggs were then monitored by confocal fluorescence micro-
scopy on a Nikon TE2000U microscope using a 488-nm
Spectra Physics (Mountainview, CA) He–Ne laser. Time
course measurements were made with a 4 super fluor
objective with pinhole settings set to obtain a theoretical 24-
Am optical section through the equator of the embryo.
Emitted fluorescence was recorded at 2-min intervals and
separate images were collected using transmitted light to
obtain a DIC image and a 515 nm/30 nm band pass filter toobtain calcium green fluorescence. The fluorescence inten-
sity of the embryo was quantitated from digital images by
centering an elliptical measurement area over the embryo
then quantitating pixel density calculated by Metamorph
6.1. Calculation of free [Ca2+] was done using WinMax-C
software (Bers et al., 1994) with the assumption that 50% of
cytoplasmic volume was aqueous.
Whole-mount in situ hybridization
Clones encoding the open reading frame (ORF) of
zebrafish goosecoid (Stachel et al., 1993), Mezzo, Bonnie
and Clyde Mixer (Bon Mixer), and Bozozok were used to
make RNA probes by in vitro transcription. T3 or T7 RNA
polymerases were utilized for the synthesis of either sense or
antisense digoxigenin (DIG)-labeled ribonucleotide probes
(Ambion, TX and Roche, IN). Embryos were fixed with a
hole punched in the chorion in 4% paraformaldehyde
overnight at 4-C, dechorionated in the fixative, and fixed
for an additional 2–3 h at room temperature or overnight at
4-C. Embryos were washed twice with PBS and then
dehydrated in a graded series of 25% to 100% methanol.
Samples were rehydrated gradually into PBT (PBS + 0.1%
Tween 20) followed by a brief incubation with 10 Ag/ml
proteinase K to increase tissue permeability and were then
re-fixed with 4% paraformaldehyde in PBT for 20 min. After
washing with PBT, hybridization was carried out in 100 Al
hybridization buffer (50% formamide, 5 SSC, 500 Ag/ml
yeast transfer RNA, 0.1% Tween 20, 1% CHAPS, and 100
Ag/ml heparin) containing 40 ng DIG-labeled RNA probes,
at 55-C for 3 nights. After extensive post-hybridization
washing with 2 to 0.2% SSC, anti-DIG antibodies con-
jugated with alkaline phosphatase were used at 4-C over-
night to localize DIG-labeled mRNA. Color development
was carried out using BM-purple under conditions recom-
mended by the manufacturer (Roche, Indianapolis, IN).Results
Requirement for Fyn activity during development
A cDNA encoding the complete reading frame of Fyn
kinase (Genbank # AY948197) was cloned from a library
prepared from 24-h zebrafish embryos. The DNA sequence
within the 1613-bp open reading frame was identical to a
clone isolated independently by Jopling and den Hertog
(Genbank accession # AJ620748) except for six, single base
changes which resulted in a single amino acid change. The
zebrafish c-Fyn encodes a protein which is 95% identical to
c-Fyn from the teleost Xiphophoruse helleri and 89%
identical to mouse c-Fyn. In order to test for a role of Fyn
kinase in early development of the zebrafish embryo, we
developed a catalytically inactive mutant based on a strategy
used for other Src-family PTKs (Twamley-Stein et al.,
1993). This method used site-directed mutagenesis of the
Fig. 2. Expression of Fyn kinase following mRNA injection. The level of
Fyn protein expression was monitored by Western blot analysis using an
anti-peptide antibody specific for Fyn kinase (Fyn-3 antibody from Santa
Cruz Biotechnology, Santa Cruz, CA). Membrane fractions were prepared
and Western blots were performed from groups of 20 embryos as previously
described (Wu and Kinsey, 2003). Samples containing identical amounts of
protein from control, uninjected embryos (), from embryos injected with
230 pg of FynK299M (dn-Fyn), or c-Fyn mRNA (c-Fyn) were collected at
3.3 hpf (high stage, A), 3.8 hpf (sphere stage, B), or at 4.5 hpf when
controls were at 25% epiboly (C).
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methionine which does not support catalytic activity (Fig. 1).
The resulting catalytically inactive protein can act as a
dominant-negative inhibitor in vivo since the U, SH3, and
SH2 protein interaction domains required for recognition of
upstream effectors or downstream protein substrates remain
intact (Broome and Hunter, 1996). The utility of this
approach in analysis of development has been previously
demonstrated in Xenopus (Denoyelle et al., 2001). The
FynK299M sequence was used to prepare 5Vcapped mRNA for
injection into zygotes. Both the native c-Fyn, and FynK299M
transcripts were expressed in zebrafish embryos when
injected at the late one-cell stage resulting in elevated levels
of Fyn protein in the embryo as early as the sphere stage (Fig.
2). The level of expression remained elevated above that of
endogenous Fyn through at least the 25% epiboly stage.
In order to test for a role of Fyn kinase in early
development of the zebrafish embryo, mRNA encoding the
dominant-negative FynK299M or c-Fyn (control) was injected
just prior to the first mitotic division. The control c-Fyn,
though catalytically active, contains the negative regulatory
tyrosine at residue 528 and therefore would be subject to the
normal CSK-mediated negative regulation in the zygote.
Therefore, c-Fyn was not expected to radically change the
balance of phosphorylation–dephosphorylation in the
embryo and would be an ideal control for the dominant-
negative mutant. Examination of embryos at different times
after injection revealed that neither the control c-Fyn nor the
dominant-negative FynK299M had a significant effect on
cleavage, and the embryos formed normal high-stage
blastulae. However, as development progressed beyond the
high stage, the FynK299M mRNA occasionally caused some
delay in progression from high stage to sphere stage by 4 hpf
as seen in Fig. 3 (middle panel). The effect of the dominant-
negative Fyn on later development was more severe, and the
embryos failed to begin epiboly. Examination of the
embryos that failed to undergo epiboly at 9 hpf and 24 hpf
demonstrated that the effect on epiboly was a block rather
than a delay. The FynK299M-induced block could be over-
come by co-injection of c-Fyn mRNA indicating that the
defect was not due to a nonspecific effect and could be
rescued by catalytically active Fyn.Fig. 1. Site-directed mutagenesis of K-299 to produce a catalytically
inactive Fyn. The overall domain structure of zebrafish Fyn kinase is
identical to other vertebrate forms and the critical lysine in the VAVK motif
is conserved. Mutation of this lysine to methionine was accomplished by
changing the AAG of K299 to ATG.An alternative method of suppressing Fyn function in
vivo involves injection of a GST fusion protein encoding
the SH2 domain of Fyn. The SH2 domain is a P-Tyr
binding domain that is required for protein–protein
interactions with both upstream regulatory proteins and
downstream effectors. Therefore, exogenous GST-Fyn-SH2
competes with endogenous Fyn for protein–protein inter-
actions critical to function of the kinase and thereby exert
a dominant-negative effect (Muslin et al., 1993; Katzav
et al., 1995; Kinsey et al., 2003). These fusion proteins
have been shown to disrupt calcium signaling events atFig. 3. Effect of FynK299M or GST-Fyn-SH2 on zebrafish embryo
development. Zygotes were injected with mRNA (230–250 pg) encoding
either c-Fyn (shaded bars), or FynK299M (black bars), or with the GST-Fyn-
SH2 (gray bars) fusion protein (1.3 pmol) at 45–50 mpf. The embryos were
cultured at 28-C and examined at 85 mpf (2 cell to 4 cell), at 5 hpf (sphere/
high stage), and at 8 hpf (>30% epiboly) for successful development.
Values represent the average of 5 experiments T SEM. The ability of c-Fyn
to rescue the phenotype caused by the dominant-negative Fyn was tested in
a separate experiment in which zygotes were injected with a mixture (cross-
hatched bar) of FynK299M (230 pg) and c-Fyn (270 pg) or with FynK299M
(230 pg) alone (black bar). The number of embryos in each group is
indicated in parentheses at the top of each bar.
Fig. 4. Morphology of embryos arrested following FynK299M mRNA or
GST-Fyn-SH2 injection. Zygotes were injected with 230–250 pg of mRNA
encoding c-Fyn (A–C) or FynK299M (D–F), or a mixture of c-Fyn (230 pg)
and of FynK299M (270 pg), then incubated in embryo medium at 28-C.
Zygotes injected with the GST-Fyn-SH2 fusion protein (1.3 pmol) also
ceased development at the onset of epiboly (J, K, L). They were examined
at 2.5 hpf (A, D, G, J), 4.0 hpf (B, E, H, K), and at 5.25 hpf (C, F, I, L).
Magnification is indicated by the bar in panel A which indicates 100 Am.
D. Sharma et al. / Developmental Biology 285 (2005) 462–476466fertilization in several species (Giusti et al., 1999; Kinsey
and Shen, 2000; Kinsey et al., 2003). When fertilized
zebrafish zygotes were injected with GST-Fyn-SH2 at 45
mpf, development was arrested at the same point as that
resulting from injection of FynK299M mRNA (Fig. 3, lowerFig. 5. Morphology and distribution of cell nuclei in normal and blocked embryos.
Fig. 4. When the control embryos reached 50% epiboly, the embryos were fixed
DAPI. The embryos were then examined with bright field (A, C, E, G), or with
Arrows indicate the position of YSL nuclei. Magnification is indicated by the bapanel). Control injections with GST protein alone or with
GST-Abl-SH2 had no effect.
The morphology of the embryos resulting from zygotes
injected with FynK299M or GST-Fyn-SH2 is seen in Figs. 4
and 5. Both the FynK299M and GST-Fyn-SH2 typically
caused delay or arrest at the high stage (Figs. 4E, K) or
complete arrest at the sphere stage (Figs. 4F, L). Blasto-
meres from these blocked embryos failed to migrate toward
the vegetal pole and Fdoming_ of the yolk mass was not
apparent. As seen in Figs. 3 and 4I, co-injection of c-Fyn
mRNA with FynK299M mRNA prevented the inhibitory
effect and allowed epiboly and subsequent development to
proceed. The majority of these rescued embryos success-
fully developed to the somite stage and formed normal-
appearing larvae. Examination of the FynK299M-injected
embryos at higher magnification demonstrated that while
FynK299M blocked epiboly, it did not prevent formation of
the yolk syncitial layer (YSL) which is evident as a layer of
clear syncitial cytoplasm with large nuclei at the base of the
high-stage blastula (Fig. 5G). It is apparent that neither the
YSL nuclei nor the overlying blastomeres made much
progress toward the vegetal pole in the FynK299M-injected
embryos (Figs. 5F and H).
Effect on the ability of blastomeres to respond
The above experiments demonstrated that the dominant-
negative Fyn prevented epiboly, but since FynK299M mRNA
was injected into the center of the yolk mass of the zygote,
we could not determine whether the dominant-negative
acted on the transmission of signals from the vegetal pole, or
on the cell autonomous ability of individual blastomeres to
respond to these signals. In order to further characterize this
defect, we tested the effect of expressing the dominant-
negative Fyn only in the blastomeres or only in the yolk
mass at the 16-cell stage, a point in development where little
or no direct cytoplasmic connection occurs betweenEmbryos were injected with c-Fyn (A–D) or FynK299M mRNA (E–H) as in
in 2% glutaraldehyde, permeabilized with 0.1% TX 100, and stained with
fluorescence microscopy to localize the DAPI-stained nuclei (B, D, F, H).
r which indicates 100 Am.
Table 1
Effect of injecting FynK299M mRNA at different sites in the embryo
Injection site Stage Observed >30% epiboly
c-Fyn (n) FynK299M (n)
Yolk 4 cell Embryo 73% (18) 26% (19)
8 cell Embryo 85% (26) 33% (28)
32 cell Embryo 92% (26) 77% (30)
Single blastomere 16 cell Embryo 100% (20) 100% (20)
16 cell Fluorescent cells 88% (20) 26%* (20)
Embryos were injected either in the center of the yolk (250–300 pg
mRNA) or in a single blastomere (3–4.5 pg mRNA) as indicated in the left
column. These injection volumes should result in a final intracellular
concentration of 1.0–1.5 Ag/ml mRNA and 0.1–0.2 AM calcium green-
dextran. The progression through epiboly was evaluated at 7 hpf and those
that had achieved greater than 30% epiboly were scored as successful. In
order to test the effect of Fyn suppression in individual blastomeres, single
blastomeres were injected with c-Fyn mRNA + calcium green-dextran (four
experiments) or with FynK299M mRNA + calcium green-dextran (six
experiments). The ability of these embryos to undergo epiboly was 100% as
indicated. The ability of the injected fluorescent cells to participate in
epiboly was also quantitated. Those fluorescent cells located in the
advancing 30% of the blastoderm were judged to be participating in the
epiboly process. Fluorescent cells containing c-Fyn mRNA participated
successfully in 88% of the embryos. Fluorescent cells containing FynK299M
mRNA participated successfully 26% of the embryos. *Statistically less
than the control c-Fyn-injected embryos, P < 0.001. These results
demonstrate that the dominant-negative Fyn reduces the ability of
blastomeres to participate in epiboly even when the signal from the vegetal
pole is normal. It is not clear whether this reflects an inability to detect these
signals or an inability to respond to them.
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yolk mass at the 4-, 8-, and 32-cell stage had progressively
less effect on subsequent epiboly (Table 1). This indicatesFig. 6. Effect of FynK299M on the ability of blastomeres to participate in epiboly. Em
with a mixture of calcium green-dextran and mRNA (4.5 pg). The embryos were cult
hpf. The embryo shown in the upper panels was injected with c-Fyn mRNA and the flu
The embryos shown in the middle and lower panels were injected with FynK299M mthat FynK299M does not suppress the signaling capacity of
the yolk mass at the late blastula (sphere) stage. Instead, the
effect of FynK299M probably occurs in the individual
blastomeres, and injection of the mRNA to the yolk after
it has lost cytoplasmic connection with the blastomeres does
not prevent epiboly. To confirm this interpretation, we
injected the dominant-negative mRNA into individual
blastomeres. mRNA encoding c-Fyn or FynK299M was
mixed with a fluorescent dye (10 kDa calcium green-
dextran) and injected into one of the inner tier blastomeres at
the 16-cell stage. Inner tier cells were selected because they
are more completely independent of the yolk than the outer
tier cells (Westerfield, 1993). The morphology of the
embryos was then monitored by bright field microscopy
and by confocal fluorescence microscopy. The daughter
cells from injected blastomeres retained fluorescent dye
allowing identification at later stages of development (Fig.
6) and were considered to have participated in epiboly if
they were located in the leading 1/3 of the advancing
blastoderm. In this series of seven experiments, injection of
FynK299M into one blastomere did not prevent the embryo
from undergoing epiboly since 100% of the injected
embryos reached 30% epiboly; however, the daughter cells
containing FynK299M mRNA participated in epiboly only
26% of the time. Daughter cells containing control c-Fyn
mRNA participated in epiboly 88% of the time, which was
statistically greater than the dominant-negative injected
embryos. Typical morphology of these injected embryos is
presented in Fig. 6 where it can be seen that daughter cells
containing c-Fyn mRNA were observed in the advancingbryos were collected at the 16-cell stage and single blastomeres were injected
ured at 28-C and examined by confocal fluorescence microscopy at 5, 7, and 9
orescent cells migrated toward the vegetal pole with the advancing blastoderm.
RNA and in these cases, the fluorescent cells remained near the animal pole.
D. Sharma et al. / Developmental Biology 285 (2005) 462–476468blastoderm while FynK299M-injected cells were most often
observed as a ‘‘patch’’ of fluorescent cells that had not
migrated far from their original position at the animal pole.
Fyn catalytic activity is elevated prior to and during epiboly
Fyn kinase is relatively inactive in the unfertilized oocyte
and undergoes rapid activation (approximately fivefold)
immediately following fertilization (Wu and Kinsey, 2000).
Analysis of total kinase activity during later stages of
development revealed that the total activity of Fyn kinase
increased progressively during later development and
remained at this elevated level during sphere through
epiboly stages (Fig. 7). When corrected for increases in
Fyn protein as detected by Western blot, the calculated
relative specific activity exhibited the same general pattern.
The fact that the specific activity of Fyn kinase increased
indicates that, in addition to increased expression, Fyn
catalytic activity was progressively stimulated by events
occurring prior to the sphere/dome stages and remained
highly active during epiboly.
Role of Fyn kinase in calcium signaling in the developing
embryo
Localized release of calcium both within single cells and
within coupled groups of cells characterizes many steps
during development of the early zebrafish embryo (Webb
and Miller, 2000). Since Fyn kinase is known to be involved
in IP3-mediated calcium release in a number of biological
systems, it was important to ascertain whether disruption of
Fyn signaling caused defects in calcium signaling in theFig. 7. Activity of Fyn kinase during embryonic development. Fyn kinase
was immunoprecipitated from groups of 30 embryos collected at
different points during development and the immune complexes were
assayed in an autophosphorylation assay in the presence of [g 32P]ATP.
Total kinase activity determined by densitometric scanning of the
autoradiographs is expressed relative to the activity in unfertilized
oocytes (solid circles). The specific activity was determined by normal-
izing total kinase activity to the level of Fyn protein detected in Western
blots of the same samples and is indicated by open circles. Values
represent the average of 3–4 experiments T SEM.
Fig. 8. Effect of FynK299M or GST-Fyn-SH2 on total of [Ca2+]i as measured
by calcium green fluorescence. Embryos were injected at the 1–2 cell stage
with calcium green-dextran to a final intracellular concentration of 0.1–0.2
AM, and calcium green fluorescence was quantitated as described in
Materials and methods. The upper panel represents a recording from an
embryo injected with calcium green-dextran only. Data in the middle panel
were recorded from an embryo injected with calcium green-dextran and
FynK299M mRNA (230 pg). The lower panel is a recording from an embryo
injected with 1.5 pmol of GST-Fyn-SH2 protein. Calcium green fluo-
rescence was recorded at 2-min intervals and quantitated by Metamorph
software as described in Materials and methods.embryo. Zygotes were injected with calcium green-dextran
or a mixture of calcium green-dextran and mRNA encoding
either c-Fyn or dn-Fyn then monitored by confocal
fluorescence microscopy. Scans were performed and images
were captured representing total transmitted light and green
fluorescence at 2-min intervals during the period between 4
and 8 cells and 7.5 hpf. Calcium green fluorescence was
measured by quantitating average pixel density in an optical
section passing through the center of the embryo along the
animal–vegetal axis. Measured in this way, calcium green
fluorescence provides a relative indicator of resting [Ca2+]i
plus any calcium transients that may be associated with
mitosis (Lee et al., 2003) cell movement, etc. Previous
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normal zebrafish development (Creton et al., 1998; Gilland
et al., 1999; Reinhard et al., 1995). Once the fertilization-
associated calcium transient (1–20 mpf) had passed, the
overall cross-sectional [Ca2+]i declined with successive
cleavages, leveled off during the blastula stage, and
increased again as gastrulation began (Fig. 8). The blastula
stage embryo exhibited a lower overall level of [Ca2+]i
compared with earlier and later stages, and the interval
between 3 and 5 hpf has been described as a Fquiet period_
(Gilland et al., 1999). However, our recordings demonstrate
that the process of epiboly involves a characteristic series of
events involving localized elevations in [Ca2+]i evident
when the focal plane passed through the animal pole. The
localized increases in [Ca2+]i were, in most cases, sufficient
to appear as an increase in total cross-sectional [Ca2+]i
between 4.0 and 5.0 hpf (Fig. 8). As seen in Fig. 9A, the
distribution of calcium-induced fluorescence during the high
stage was most intense over the EVL with occasional foci of
more intense fluorescence primarily in the EVL layer. AsFig. 9. Morphology of calcium green fluorescence in normal and FynK299M-inject
mRNA (A–D) or FynK299M mRNA (E–H) as in Fig. 8 were imaged using a transm
images were recorded with the green filter (lower panels) to demonstrate calcium
high stage (3.3 hpf, A and E), sphere stage (3.8 hpf, B and F), dome stage (4.55
indicated by the white bar which represents 100 Am.the yolk syncitial layer (YSL) began to form, zones of
increased calcium green fluorescence were localized to the
marginal blastomeres (Figs. 9C, D) as described by others
(Webb and Miller, 2000). Examination at higher magnifi-
cation (Figs. 10A–C) indicated that these marginal zones of
increased [Ca2+]i did not involve the underlying YSL.
During the transition from high to sphere, the total fluo-
rescence intensity reached a nadir; however, the [Ca2+]i in
the marginal cells remained high relative to that of cells in
the center of the blastodisc (Fig. 9B). The transition to dome
and the beginning of epiboly were marked by an increase in
the total calcium fluorescence which reached a maximum at
about 25% epiboly and then declined again to a level similar
to that at the sphere stage as seen graphically in Fig. 8. The
distribution of [Ca2+]i during this period remained highest in
the marginal blastomeres as they advanced toward the
vegetal poles (Figs. 9C, 10D–F). This is shown more
clearly when the focal plane passes tangentially through the
blastoderm margin as seen in Figs. 10G–I where it is
evident that the leading 5–6 tiers of cells exhibit substan-ed embryos. Embryos injected with calcium green-dextran and either c-Fyn
ission detector to produce a Fbright field_ image (upper panels) and separate
green fluorescence. Images were taken when the control embryo was at the
hpf, C and G), and at 50% epiboly (5.5 hpf, D and H). Magnification is
Fig. 10. Morphology of the marginal region of the blastodisc in normal zebrafish embryos. Embryos developed from zygotes injected with calcium green-
dextran were imaged by confocal microscopy to obtain Fbright field_ and green fluorescence images demonstrating the distribution of calcium green
fluorescence in the embryo. An embryo was imaged at sphere stage (A–C) and at about 20% epiboly (D–I). Images A–F are focused through the equator of
the embryo, while in images G–I, the focal plane passed tangentially through the leading edge of the advancing blastoderm. Arrows in panels A and C indicate
the position of the YSL. Magnification is indicated by the bar which represents 100 Am.
D. Sharma et al. / Developmental Biology 285 (2005) 462–476470tially higher calcium green fluorescence than that present
in the yolk syncitial layer and yolk proper. As epiboly
progressed to 50%, the onset of gastrulation was reflected
by a general increase in fluorescence between 6 and 8 hpf
(Fig. 9D) with frequent high-amplitude spikes representing
Fgastrulation waves_ of free calcium which are propagated
around the blastoderm margin (Gilland et al., 1999; Webb
and Miller, 2000).
Injection of FynK299M mRNA or GST-Fyn-SH2 fusion
protein into the center of the yolk mass prior to the two-cell
stage had no significant effect on the morphology of
calcium green fluorescence during cleavage, although the
total cross-sectional [Ca2+]i declined more rapidly than
controls. The FynK299M or GST-Fyn-SH2-blocked embryos
also reached a minimal cross-sectional [Ca2+]i at sphere
stage, but eight out of ten FynK299M-injected embryos and
five out of six GST-Fyn-SH2-blocked embryos failed to
exhibit the increase in cross-sectional [Ca2+]i between 4.0
and 5.0 hpf which characterize normal epiboly (Fig. 8,
middle and lower panels). Interestingly, those embryos in
which the dominant-negative constructs were not effective
in suppressing the calcium increase between 4.0 and 5.0 hpf
exhibited some level of successful epiboly even if it only
involved one side of the embryo. Morphological examina-
tion of the calcium green fluorescence revealed that the
FynK299M-blocked embryos exhibited normal intense cal-cium green fluorescence in the EVL, but the level of
fluorescence in the marginal blastomeres did not increase
noticeably at the time when the onset of epiboly normally
would have been associated with bright fluorescence in this
region (Figs. 9E–H). In order to quantitate changes in the
distribution of calcium green fluorescence, linescan analysis
was performed on the fluorescence images similar to Fig. 9
by quantitating pixel intensities across an arc traced along
the blastodisc surface from the left margin to the right (Fig.
11). The lines were eight pixels in width and included
primarily the EVL. This analysis was performed on ten
control embryos all of which exhibited higher relative
fluorescence at the blastoderm margins as indicated at the
left and right edge of each graph (Figs. 11A–D). In contrast,
eight out of ten FynK299M-blocked embryos had lower
relative fluorescence at the blastoderm margins as seen in
Figs. 11E–H. In summary, suppression of Fyn activity by
FynK299M mRNA injection blocked the enhanced [Ca2+]i
activity that normally occurs in the marginal blastomeres
just prior to and during epiboly.
To test whether suppression of calcium signaling could
be sufficient to block epiboly, we Fclamped_ calcium levels
through the use of direct injection of a calcium chelator and
by incubation with a membrane permeable BAPTA deriv-
ative. The first set of experiments tested the effect of a
defined concentration of BAPTA on the ability of individual
Fig. 11. Quantitation of calcium green fluorescence across the blastodisc surface. Linescan analysis was performed on fluorescence images similar to Fig. 9
using Metamorph 6.1. A line was traced that followed the blastodisc surface from the left side to the right side of each panel. The line was eight pixels thick and
encompassed most of the outermost cell layer (EVL). Pixel intensity is represented on the vertical axis as relative fluorescence intensity. The relative position
across the blastodisc surface from left to right is represented on the horizontal axis as pixel number. Panel labels correspond to Fig. 9, with control embryos in
panels A–D and FynK299M suppressed embryos in panels E–H. Developmental stages were: high stage (3.3 hpf, A and E), sphere stage (3.8 hpf, B and F),
dome stage (4.55, hpf C and G), and at 50% epiboly (5.5 hpf, D and H).
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with the fluorescent dye Alexa-488-dextran was injected
into individual blastomeres as in Fig. 6, except that 32–64
cell stage embryos were used to minimize the impact of
BAPTA on mitosis in the embryo as a whole. The BAPTA/
Ca+2 buffer, which was expected to clamp [Ca2+]i at
approximately 200 nM, allowed some cell division to occur
as evidenced by the observation of small patches of
fluorescent cells similar to those described in Fig. 6.
However, the BAPTA-containing cells participated in
epiboly only 9% of the time, while those injected with
dye only participated 92% of the time (Table 2). This result
suggests that suppression of calcium signaling in blasto-
meres from the 64-cell stage on is sufficient to prevent their
participation in epiboly. One limitation in this approach is
that while the 32/64 cell blastomeres are easy to inject
without injury, these cells are normally going to participate
in a complicated series of signaling and gene expression
events prior to epiboly and the BAPTA could be blocking
events that are not directly related to epiboly.Table 2
Effect of clamping [Ca2+]i in single blastomeres
Injection Success of
epiboly
Fluorescent
cells divided
Fluorescent cells
participated
Alexa-488 dextran 100% (24) 100% (24) 92% (22)
BAPTA + Alexa-488
dextran
100% (11) 91% (10) 9% (1)
In order to test the effect of calcium clamping in individual blastomeres,
single blastomeres were injected with either Alexa-488 dextran (control) or
with Alexa-488 dextran + BAPTA\Ca2+ at the 32–64 cell stage. Neither
treatment prevented epiboly of the entire embryo as indicated by the fact
that epiboly was successful in 100% of the embryos. The ability of injected
cells to divide was evaluated by the presence of fluorescent daughter cells
and was taken as a sign of viability. The ability of the injected fluorescent
cells to participate in epiboly was also quantitated. Those fluorescent cells
located in the advancing 30% of the blastoderm were judged to be
participating in the epiboly process.To minimize the impact of possible effects of BAPTA on
gene expression, etc., we next tested whether suppression of
calcium signaling was sufficient to block epiboly once it has
already begun. These experiments made use of a cell-
permeable calcium buffer, BAPTA-AM, which has been
used in Xenopus animal caps (Leclerc et al., 2000), in
mouse zygotes (Lawrence et al., 1998), and in zebrafish
embryos (Ashworth, 2004). Dome-stage embryos were
exposed to 50 AM BAPTA-AM just as epiboly was
beginning (4.2 hpf) and progress through epiboly was
monitored. As seen in Fig. 12, BAPTA-AM significantly
delayed progression of the advancing blastoderm with less
than 20% of the treated embryos progressing to 50% epiboly
by 5.35 hpf. Transfer of the embryos to BAPTA-AM-freeFig. 12. Effect of clamping intracellular calcium levels on the progress of
epiboly. Groups of twenty embryos were cultured in embryo medium at
28-C for 4.2 h post-fertilization then BAPTA-AM was added at a final
concentration of 50 AM and the chorion was pierced with a needle to
facilitate diffusion of the BAPTA-AM. Controls were incubated with the
DMSO carrier only. Embryos were inspected at 15-min intervals and the
progress through epiboly was scored. Values represent the average of three
experiments T SEM.
D. Sharma et al. / Developmental Biology 285 (2005) 462–476472embryo medium at 6 hpf allowed resumption of epiboly
indicating that the embryos were not permanently damaged.
Together, these calcium clamping results demonstrate that
calcium signaling is required for epiboly to continue once it
has begun, which raises the possibility that the effects
induced by the dominant-negative FynK299M could be
caused by suppression of calcium signaling.
Effect on gene expression
The effect of Fyn suppression on the expression of
several genes that participate in the response to signaling
events at the midblastula transition and during the early
stages of epiboly was determined by in situ hybridization of
embryos resulting from zygotes injected with c-Fyn mRNA
(control), with dn-Fyn mRNA, or with GST-Fyn-SH2. Boz
is normally induced by h-catenin just prior to the
midblastula transition (512-cell stage) and is critical for
later events such as establishment of the Nieuwkoop center,
gooscoid expression, and Nodal signaling. Boz expression is
normally localized in an arc on the dorsal side of the
zebrafish blastula and this pattern was not interrupted by
injection of dn-Fyn or GST-Fyn-SH2 (Figs. 13A–C).
Gooscoid, an immediate early response to Activin, is
expressed initially as a gradient then as a patch on the
dorsal side of the blastula where it marks future mesodermalFig. 13. Effect of FynK299M mRNA and GST-Fyn-SH2 protein on the localization
injected with c-Fyn mRNA (230 pg) as a control (A, D, G, J) or with 230 pg of Fyn
incubated in embryo medium at 28-C, then fixed at 5 hpf and processed for in
indicated by the bar which represents 100 Am.cells. The pattern of Goosecoid expression was normal in
embryos injected with dominant-negative Fyn mRNA or
GST-Fyn-SH2 protein as seen in (Figs. 13C, D, E).Mezzo is
expressed in response to Nodal signaling at the sphere stage
and later in mesoderm precursors of the first 6 rows during
gastrulation. Mezzo expression normally appears as a
definitive ring of expression evident at the vegetal margin
of the blastodisc as seen in Fig. 13E. Mezzo expression was
detected in dn-Fyn-injected embryos (Fig. 13F), but the
pattern of expression was more diffuse and a definitive ring
limited to the marginal blastomeres was not observed.
Embryos injected with the GST-Fyn-SH2 protein also
exhibited diffuse Mezzo expression although the level of
expression was clearly reduced. Similarly, bon/mixer, which
normally also appears at the sphere stage was expressed in
embryos injected with dn-Fyn mRNA or with GST-Fyn-
SH2 (Figs. 13G, H, I), but was not localized to the marginal
cells. The lack of a clear ring of Mezzo-expressing and Bon/
Mixer-expressing cells could be due to the fact that the
vegetal-most blastomeres have failed to respond to signals
from the YSL or vegetal pole and seems to correlate with
the lack of elevated [Ca2+]i seen in Fig. 11. These results
indicate that suppression of Fyn by the dn-Fyn constructs
did not interfere with expression of the early genes such as
boz and goosecoid, nor did it totally suppress expression of
later genes such as mezzo and bon/mixer, although theof boz, goosecoid, mezzo, and bon/mixer. Embryos resulting from zygotes
K299M mRNA (B, E, H, K) or with GST-Fyn-SH2 (2 pmol) (C, F, I, L) were
situ hybridization as described in Materials and methods. Magnification is
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organized as usual.Discussion
The signal transduction pathways that regulate early
development are known to involve intercellular signals that
direct global events such as animal–vegetal polarity, axis
determination, and pattern formation as described in the
Introduction. The implementation of the actions directed by
these signals clearly involves downstream pathways that
control gene expression, cell shape, cell behavior, etc. Src-
family protein kinases such as Src, Fyn, and Yes kinase are
common downstream transducing enzymes and are known to
play a critical role in gastrulation movements in the Xenopus
embryo (Denoyelle et al., 2001). In addition, normal, coor-
dinated epiboly in the zebrafish embryo required the Yes
kinase (Tsai et al., 2005). Another example is the Laloo
kinase which has been shown to function downstream of the
fibroblast growth factor during mesoderm induction in
Xenopus (Weinstein and Hemmati-Brivanlou, 2001; Wein-
stein et al., 1998). Previous studies demonstrating a role of
Fyn kinase in the sperm-induced calcium transient at ferti-
lization (Kinsey et al., 2003) led us to explore the important
role Fyn kinase played in zebrafish embryonic development.
The use of kinase-inactivating mutations has been shown
to result in proteins that have dominant-negative properties
and this strategy has been successfully employed in
developmental studies as well (Denoyelle et al., 2001).
The single point mutation used in the present study has the
advantage that the U, SH3, and SH2 protein interaction
domains remain intact and can compete with the native Fyn
for protein interactions occurring both upstream and down-
stream. To the extent that the specificity of these interactions
is common to other Src-family members, the dominant-
negative construct can be expected to compete with other
Src-family members and thereby block compensation by
these kinases. Therefore, the dominant-negative construct
can be expected to have the same specificity as the native
kinase, be it stringent or accommodative. In cell environ-
ments where two or more Src-family PTKs (for example,
Yes and Fyn or Src and Fyn) are present in a stoichiometry
that allows them to compensate for each other, the
dominant-negative will block both. This provides an
advantage over single gene knockout or RNAi knockdown
studies where other Src-family PTKs could compensate for
the loss of one kinase. In cell environments where only one
kinase is expressed in significant levels, it is possible that
the Fyn dominant-negative could block the function of that
kinase even if Fyn is not expressed in that cell or is not
active in that cell. At present, it appears that Fyn and Yes are
expressed in all cells of the zebrafish blastula (Rongish and
Kinsey, 2000; Tsai et al., 2005). While Src-family PTKs are
well known to share overlapping specificity, it is unlikely
that non-Src-family PTKs would be affected by thisdominant-negative construct since they would not share
the combination of SH2, SH3, and U domain specificities.
The GST-SH2 fusion protein provides an alternative method
of achieving a dominant-negative effect which avoids the
problem of mRNA injection with subsequent unknown
overexpression levels. However, since a single protein
interaction domain is present, the specificity may be lower
than that of the full-length mutant form of the kinase.
Suppression of Fyn signaling by injection of FynK299M or
GST-Fyn-SH2 protein had no significant effect during
cleavage and did not inhibit formation of the YSL. Smooth-
ing of the EVL at the midblastula transition occurred
normally and expression of bon/mixer and mezzo, zygotic
transcription factors thought to function in endoderm devel-
opment (Poulain and Lepage, 2002), indicated that activation
of the zygotic genome did occur. Global signaling pathways
involved with axis determination such as h-catenin, activin,
and nodal appeared not to be impaired as evidenced by
expression of boz, goosecoid, and mezzo. However, while
formation of the YSL appeared normal morphologically, the
marginal blastomeres failed to migrate toward the vegetal
pole and epiboly did not occur. The block to development
could be prevented by co-injection of c-Fyn with the
dominant-negative, indicating that it was a specific effect.
The defect in epiboly caused by FynK299M differed signifi-
cantly from the effects of Yes kinase knockdown (Tsai et al.,
2005) in three specific aspects. First, FynK299M prevented
migration of the YSL nuclei while Yes knockdown did not.
Secondly, while FynK299M prevented all blastomere migra-
tion, Yes knockdown frequently allowed blastomeres to
migrate in a disorganized fashion where the enveloping cells
failed to maintain a coherent layer. Lastly, while FynK299M
suppressed calcium signaling in the marginal blastomeres,
Yes knockdown did not cause significant changes in [Ca2+]i.
In an effort to determine whether the block to epiboly was
exerted through interruption of some signal from the yolk
cell or via a direct effect on the blastomeres themselves,
single blastomeres were injected with the FynK299M mRNA
together with a fluorescent tracer. Since injections were done
at the 16-cell stage when the inner tier of blastula cells were
no longer directly linked to the yolk mass, the dominant-
negative effect was likely restricted to the injected cell, its
daughters, and possibly a small group of cells linked by gap
junctions. The suppression of Fyn signaling in a small group
of cells did not block epiboly in toto; however, cells
containing FynK299M mRNA were less likely to participate
in epiboly and more frequently remained near the animal
pole. This suggests that suppression of Fyn activity
interfered with the ability of blastomeres to detect or respond
to extracellular signals directing the epiboly process. An
interesting feature of the block resulting from injection of the
dominant-negative mRNA into the yolk was that neither the
blastoderm cells nor the YSL nuclei bean epiboly. They both
were arrested in the same location (Fig. 5). However, when
the dominant-negative was injected into single blastomeres,
the blastomeres could not migrate even though the YSL
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in which the YSL nuclei require blastoderm cells to migrate,
but the presence of migrating YSL nuclei is not sufficient to
cause blastoderm cells to migrate. Earlier studies clearly
demonstrated that the YSL nuclei exhibit high patterned
movements that correlate strongly with movements of the
overlying blastoderm (D’Amico and Cooper, 2001). In
addition, genes expressed in the YSL nuclei were required
for normal migration of the overlying blastoderm during
epiboly in the zebrafish embryo (Chen and Kimelman,
2000), yet the identity of these signals is unknown. The
results of FynK299M injection, together with the observation
that calcium signaling (detected by calcium green) was not
present in the YSL layer (Fig. 10) highlights the complexity
of this aspect of epiboly.
In researching the possible mechanisms by which Fyn
may function in epiboly, consideration can be given to known
signaling pathways in which it participates in other systems.
Fyn kinase has been shown to function in different classes of
receptor-mediated pathways. For example, Fyn functions
downstream of the PDGF receptor through an SH2-mediated
interaction (Kypta et al., 1990), the T-cell receptor through
interactions involving the U domain (Mustelin et al., 1992),
and the G-protein-coupled thrombin receptor (Chen et al.,
1994) as well as FGF1 receptor (Kilkenny et al., 2003). In
many cases, Fyn acts to transduce these cell surface signals
through activation of IP3-mediated calcium release either by
activation of PLC isoforms (Crosby and Poole, 2003;
Kuruvilla et al., 1994) or PI1–3 kinase (Prasad et al.,
1993). Considerable evidence highlights the importance of
intracellular calcium fluxes in the zebrafish blastula and early
gastrula. The demonstration that IP3 levels increase approx-
imately threefold during the blastula stage highlights the
importance if IP3 mediated calcium signaling during this
period (Reinhard et al., 1995). Several studies have docu-
mented the timing and pattern of these calcium transients
which initially occur within small groups of cells within the
EVL (Reinhard et al., 1995). Functional studies demonstra-
ted that total suppression of calcium transients blocked
cleavage completely (Creton et al., 1998). Partial suppression
of calcium transients between the 1- and 16-cell stage
allowed cleavage to proceed, but caused hyperdorsalized
embryos exhibiting expanded domains of B-catenin expres-
sion (Westfall et al., 2003). These data have led to the model
in which calcium modulation functions in dorsal–ventral
axis specification due (at least in part) to suppression of Wnt/
B-catenin signaling, and highlights the fact that a given cell
may make use of calcium release within different subcellular
compartments to accomplish different actions nearly simul-
taneously. For example, a cell may be receiving signals from
an external ligand leading to calcium release near the plasma
membrane while also preparing for cytokinesis involving
calcium release near the cleavage furrow.
Regional differences in calcium transient activity have
been reported as early as the blastula stage in zebrafish. As
mentioned above, the majority of calcium transients areinitially restricted to the EVL layer and the deeper
blastomeres exhibit a lower level of [Ca2+]i and no detectable
transients (Reinhard et al., 1995). Toward the late blastula,
the calcium transients become synchronized within small
groups of EVL cells indicating active cell–cell communica-
tion. Propagated waves of [Ca2+]i have also been observed
involving large regions of the blastula surface (Webb and
Miller, 2000). Formation of the YSL correlates with localized
increase in [Ca2+]i in the marginal blastomeres (Slusarski et
al., 1997a,b; Webb and Miller, 2000) and high-amplitude
calcium transients have been observed during gastrulation as
a rhythmic series of pan-embryonic intercellular waves that
originate from a pacemaker region at the shield and travel
from anterior to posterior terminating at blastopore closure.
These are thought to play an important role in neural
induction in Xenopus (Leclerc et al., 2000). The diverse
nature of these calcium signaling events highlights the
probability that they reflect different processes occurring at
different times and within different groups of cells.
Since Fyn kinase is known to play a key role in calcium
signaling, we wanted to determine whether FynK299M
interfered with calcium signaling events around the time
of epiboly. The blastula period has been referred to as ‘‘quiet
period’’ because the calcium fluxes during this period are
not as high in amplitude as those characteristic of early
cleavage or gastrulation. However, the onset of epiboly does
involve increased calcium signaling within the marginal
blastomeres relative to both the EVL over the animal pole
and the inner cell layers in the blastula. Embryos injected
with FynK299M did not usually exhibit elevated calcium
green fluorescence in the marginal blastomeres, suggesting
that Fyn activity was required for these cells to implement
calcium release from internal stores. Whether the effect of
Fyn suppression on calcium signaling is solely responsible
for the observed phenotype (failure to begin epiboly) is not
clear. Partial inhibition of IP3 signaling sufficient to produce
hyperdorsalized embryos did not block epiboly (Westfall
et al., 2003). However, we have shown here that use of
BAPTA calcium buffer to block calcium signaling in
blastomeres does prevent their participation in epiboly.
While our data are consistent with a mechanism in which
Fyn activity is required for calcium release through the IP3
pathway, it is likely that other calcium-independent events
could be affected as well. For example, Fyn catalytic
activity has recently been shown to be critical for the
formation of matrix attachments (Volberg et al., 2001; Von
Wichert et al., 2003) and the release of cell to cell contacts
(Owens et al., 2000). Analysis of the proteins that are
phosphorylated during the process of epiboly may help
distinguish between these possibilities.Acknowledgments
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